An investigation is reported on the use of the autocatalytic enantioselective Soai reaction, known to be influenced by the presence of a wide variety of chiral materials, as a generic tool for measuring the enantiopurity and absolute configuration of any substance. Good generality for the reaction across a small group of test analytes was observed, consistent with literature reports suggesting a diversity of compound types that can influence the stereochemical outcome of this reaction. Some trends in the absolute sense of stereochemical enrichment were noted, suggesting the possible utility of the approach for assigning absolute configuration to unknown compounds, by analogy to closely related species with known outcomes. Considerable variation was observed in the triggering strength of different enantiopure materials, an undesirable characteristic when dealing with mixtures containing minor impurities with strong triggering strength in the presence of major components with weak triggering strength. A strong tendency of the reaction toward an 'all or none' type of behavior makes the reaction most sensitive for detecting enantioenrichment close to zero. Consequently, the ability to discern modest from excellent enantioselectivity was relatively poor. While these properties limit the ability to obtain precise enantiopurity measurements in a simple single addition experiment, prospects may exist for more complex experimental setups that may potentially offer improved performance.
Introduction
Measurement technologies are vitally important for the progress and development of chemistry. The preferred enabling analytical technologies for organic synthesis, e.g. nuclear magnetic resonance spectroscopy (NMR) and reversed phase high performance liquid chromatography-mass spectrometry (RP-HPLC-MS) are highly universal and user-friendly, requiring only minimum assay development and optimization for particular molecules. On the other hand, stereochemical analysis is currently carried out by enantioselective supercritical fluid chromatography (SFC), 1 vibrational circular dichroism 2 and other techniques, where, despite recent improvement in speed and simplification, considerable method development 1 or computational analysis 3 is still required to achieve comprehensive stereochemical analysis of organic molecules. Ideally, stereochemical analysis for supporting synthetic chemistry would become as universal and streamlined as achiral analysis. The Soai reaction is an extraordinary asymmetric autocatalytic system 4 that has been shown to be 'triggerable' by a wide variety of enantioenriched substances 5 ranging from chiral hydrocarbons 6 to compounds that are chiral by virtue of isotopic substitution 7 to macroscopic chiral objects comprised of achiral materials 8, 9 ( Fig. 1 ). This remarkable property has led to the recognition that the Soai reaction could serve as a generic enantioenrichment detector that could be useful for robotic planetary exploration. 10 The ability of a reporter reaction to relay stereochemical information from any given molecule would be a significant breakthrough, offering researchers a universal stereochemical translator akin to the Babel fish described in Douglas Adams', The Hitchhiker's Guide to the Galaxy 11 ("…if you stick one in your ear, you can instantly understand anything said to you in any form of language…"). In such a system, dedicated instrumentation optimized for rapid analysis of the enantiopurity of the product of the reporter reaction would enable enantiopurity analysis for any substance, thereby avoiding the need for the development of tailor-made methods for individual compounds. Such an approach could potentially lead to powerful, low cost, robust and miniaturized 'stereochemistry detectors' that could be integrated into other analytical devices (it is important to point out that in order to determine the enantiomeric excess for a given compound, the measurement of bulk 'stereochemistry' provided by such a detector would have to be combined with an independent measurement of the concentration of the compound under study). In order to fulfill the function of a universal stereochemistry detector, several important criteria should be met:
-the stereochemistry indicator reaction should be truly universal, being triggerable by any enantioenriched compound to a similar degree, such that the outcome of triggering is not dominated by trace impurities; -the triggered response should be relatable to the amount of enantioenriched compound present in the sample, thereby allowing for the measurement of enantiopurity; -the absolute stereochemical sense of the reaction (tendency to form either the R or S product for a given enantioenriched analyte) should be reproducible, and should, ideally, follow rules such that unknown compounds belonging to certain classes or families of molecules would behave in a predictable fashion;
-the reaction should be easy to perform for non-specialist users, ideally being amenable to an automated approach using stable, prepackaged reagents that can be dispensed in a single addition without the use of cryogenics, inertion or special handling;
-ideally, a single analysis would be used to make a stereochemical determination, avoiding the requirement for replicate experiments for each determination.
Although the Soai reaction has been intensively investigated in many laboratories around the world, [12] [13] [14] several outstanding questions remain for its practical utilization as a stereochemistry indicator reaction. In this study we investigate the potential of the Soai reaction to be used as a general reporter reaction for routine laboratory tasks associated with the study of stereochemistry, namely the determination of absolute configuration and the measurement of enantiopurity.
Results and discussion
Based upon literature reports, it is already known that the Soai reaction fulfills many of the requirements for a universal stereochemistry indicator reaction that can be triggered by a variety of enantioenriched analytes. There are actually a number of different Soai reactions, with several combinations of starting materials, reagents and conditions known to lead to the triggerable autocatalysis with asymmetric amplification behavior that is crucial for the desired effect. 15, 16 We chose the reagents and conditions illustrated in Fig. 1 for our study. While cryogenic conditions are sometimes used for the Soai reaction, the reaction has been performed typically at 0°C. 15, 17 Several solvent systems have been used for the Soai reaction, including toluene, hexane and diethylether. For the purpose of our investigation, we confined our investigations to toluene. We chose a concentration of 0.5 M for the substrate, with the addition of 2.0 eq. of Zn(iPr) 2 and the addition of 20 mol% of the triggering reagent, in keeping with previous reports. We investigated the order of addition, finding similar results when Zn(iPr) 2 was added to the chiral initiator followed by aldehyde, 1, or when Zn(iPr) 2 was added to a mixture of initiator and aldehyde. The use of the reagent, Zn(iPr) 2 , would seem to defy one of our stated criteria -the preference for reaction conditions that avoid the use of cryogenics, inertion and special handling. While a reagent with a propensity to burst into flames when exposed to a humid atmosphere does not at first seem to meet these criteria, we reasoned that an approach where this highly sensitive reagent could be packaged within breakable microampules 18 could potentially be used, provided other criteria were met. The reaction protocol used by Soai and co-workers has generally involved multiple reagent additions over time, in order to maximize the extent of asymmetric autocatalytic amplification through multiple 'feedback' cycles. We decided to confine our investigations to a single addition of reagents, which, while affording lower enantioenrichment in the Soai product, 2, is more compatible with the objective of obtaining results where some possibility exists for accurate determination of the amount of the enantioenriched triggering substances present in the sample.
A variety of methods have been reported for the analysis of the enantiopurity of product alcohol, 2, obtained in these studies. 19 We opted to use an SFC method with an analysis time of 6 min, where the two enantiomeric alcohols are well separated from the starting material and byproducts. Faster methods have been previously reported, but require sample pretreatment to remove the residual starting material. If warranted, a sub-minute assay time could likely be developed, but we reasoned that the current method would be suitable for investigating proof of principle for the use of the Soai reaction as a general stereochemical indicator.
With our experimental protocol in hand, we carried out an investigation of the generality of triggering of the Soai reaction. We explored the ability of a variety of different enantioenriched substances to trigger the reaction, by carrying out each reaction in duplicate or triplicate, and using 20 mol% of the triggering substance (Table 1) . We evaluated the triggering strength for a variety of compounds, including species expected to survive the relatively harsh reaction conditions unscathed (e.g. amino alcohols) as well as other compounds that might prove more vulnerable to the reaction or degradation during the course of the reaction (e.g. ketones, esters and sulfoxides). In addition, several members from particular compound families were chosen to determine general trends in the absolute sense of stereochemical induction.
As the exact mechanism whereby enantioenriched triggering molecules lead to asymmetric induction in the Soai reaction is largely unknown, we were uncertain of whether trends could be observed for the absolute sense of stereochemical induction for different types of triggering molecules, i.e. whether (R) triggering agents from particular families would give rise to the (R) or (S) Soai product, 2, or whether every unique molecule would behave independently.
Although a more comprehensive study with a larger sample set would be required to establish conclusively, there does seem to be a trend for compounds within the same family to bias the absolute configuration of product formation in the same direction. For example, the amino alcohols valinol 5, prolinol 6 and phenylglycinol 7 all lead to the enantioselective formation of the Soai product, 2, with the same absolute configuration as the triggering substance (i.e. S-amino alcohol gives rise to S-2). Interestingly, phenylalaninol 8, affords the opposite enantiomer in excess. The glycidol ethers and esters (compounds 11-16) show a more complicated relationship, with some members affording heterochiral enantioenrichment and others showing homochiral enrichment. Consequently, for any given new compound it is difficult to predict with certainty whether the Soai reaction will afford heterochiral or homochiral enantioenrichment, but once this is known, the Soai reaction can be used for rapid screening applications to identify reactions producing the desired enantiomer. The results show that while most of the tested initiators afford some enantioenrichment in the Soai reaction, the degree of enantioenrichment can vary considerably, ranging from a high degree of about 90% in the best cases (naproxen 9 and 2-phenyl ethanol 3) to some instances where very little asymmetric induction in product formation was obtained (e.g., compound 4). The reproducibility of the reaction in parallel runs is generally good, suggesting that a single test reaction could potentially be sufficient for assessing the triggering strength.
While we were pleased with the apparent universality of enantioselective triggering of the Soai reaction within our small set of analytes, we were somewhat disappointed with the apparent variation in triggering strength among these different test compounds. Ideally, an indicator reaction would work equally for the vast majority of enantioenriched compounds of interest. It could be possible that further optimization of reaction conditions or solvents could lead to improved performance, but we reasoned that since no analytical method is 100% universal, acceptance of some variation in triggering strength could be tolerated.
We next investigated how the ee of the Soai product, 2, depends upon the mol% of the initiator to determine if the 20 mol% range chosen for our initial experiments could be improved. We investigated three chiral initiators with medium to strong triggering efficiency (valinol 5, prolinol 6, and methyl glycidyl ether 12). Fig. 2 shows plots of the %ee of the Soai product, 2, vs. concentration of the enantiopure initiator. It can be seen that for all the chosen compounds the curve follows a similar shape with almost no enrichment at 0.1 mol% modest enrichment at 1 mol% and nearly the same enrichment at 5, 10 or 20 mol%. This result suggests that for stronger initiators, the level of the triggering agent could perhaps be reduced -a good thing since material demand for an analytical reporter assay should be as small as possible. It also illustrates that below a certain concentration, the amount of enantioenrichment afforded by even a strong triggering agent can be quite low.
Ideally, a general reporter assay would have the ability to differentiate samples of known concentration but unknown enantiopurity. We therefore investigated the effect of the enantiopurity of the initiator (at 20 mol%) on the enantiopurity of the product, 2, produced in the reaction. We investigated both methyl glycidyl ether 12 and prolinol 6 as initiators, by varying enantiopurity as follows: (100%(R), 95%, 80%, 40%, 20%, 10%(R), 10%(S), 20%, 40%, 80%, 95%, 100%(S)), and performing each of the reactions in triplicate (Fig. 3) .
Both plots show good reproducibility and very similar shape of the curves, however even very low ee's of the triggering reagent provide relatively strong enantioenrichment of the Soai product (2). Consequently, the ability to discriminate a modest enantioenrichment (e.g. 50% ee) from a very good enantioenrichment (e.g. 98% ee) would be quite limited using this method. The results show an 'all or nothing' behavior that is driven by asymmetric autocatalytic amplification of chirality 20 and that is similar to the 'majority rules' phenomenon of polymer helicity originally reported by Green 21, 22 and subsequently studied by Yashima 23 and others. While some lack of precision in measuring enantiopurity can often be sacrificed for speed and convenience in high throughput screening applications, the inability to discriminate excellent from average enantiopurity would be a very serious drawback. A possible mitigation strategy could involve the 'titrating with the opposite enantiomer' strategy described by Seifert and Anslyn. 24 In this approach, addition of known amounts of the opposite enantiomer of the product can be used to titrate to a null signal, thereby allowing precise estimation of enantiopurity using what is essentially a 'not racemic' sensor.
To investigate the interplay between the concentration and %ee of the triggering substance on the outcome of the Soai reaction, reactions were carried out in duplicate at a variety of (S)-prolinol concentrations and enantiopurities (Fig. 4) . The response of the %ee curves is extremely sensitive to the concentration, showing an 'all or nothing' type of response that again makes the application of the method to precisely determine the enantiopurity somewhat difficult. 86 R a Yields were determined by GC using n-tridecane as an internal standard. b ee of the Soai product alcohol 2. Determined by enantioselective SFC. While these studies show a good degree of generality in the use of the Soai reaction as a general indicator reaction for the study of enantioenrichment and absolute configuration, it is clear that the 'hair trigger' responsiveness of the reaction makes the prospects for obtaining a precise measurement of enantioenrichment in a single measurement quite challenging. While more complex experimental approaches involving the analysis of multiple reactions to titrate enantiopurity are beyond the scope of the present study, there is some prospect that such an approach could be both successful and amenable to automation. For example, one could imagine a converted HPLC apparatus where the flow of the reagents for the Soai reaction would be combined with the injected samples, alone or in combination with the standards of a known composition, enabling the automated titration that would be necessary to precisely measure the enantiopurity.
Experimental

General
Unless specified, all reagents and starting materials were purchased from commercial sources and used as received without further purification.
General procedure for asymmetric autocatalysis
A solution of pyrimidine-5-carbaldehyde 1 and internal standard n-tridecane (0.5 M in toluene, 0.05 mmol) was added to the solution of the chiral initiator (0.1 M in toluene, 0.1 mL) in a dry glass tube. After cooling to 0°C, a solution of i-Pr 2 Zn (0.1 mmol, 0.1 mL of 1 M toluene solution) was added and the mixture was stirred for 1 h. Subsequently, the reaction was quenched using 1 M NH 4 Cl/NH 4 OH (2 : 1) (0.5 mL), the phases were separated and the organic layer was analyzed by GC and chiral SFC.
Instrumentation
GC analysis was performed on a Shimadzu GC-2010 with FID detector using N 2 as a carrier gas. The aldehyde and alkanol were separated by using an ZB-5HT capillary column (30 m × 0.25 mm) with the temperature program ranging from 50 to 300°C in 10°C per min.
Chiral SFC analysis was performed on Waters Acquity UPC 2 (Waters Milford, MA, USA) systems equipped with a fluid delivery module (a liquid CO 2 pump and a modifier pump), a sample manager, an FL autosampler, a photodiode array detector, and MassLynx software. The two enantiomers were separated on a Chiralpak OD-3 (100 mm × 3.0 mm I.D., 3 µm) by gradient elution at a flow rate of 3 mL min −1 . The SFC eluents were solvent A (CO 2 ) and solvent B (25 mM isobutylamine in MeOH). The mobile phases were programmed as follows: linear gradient from 1% to 10% B in 3 min and from 10 to 40% B until 6 min. The column and samples were maintained at a temperature of 40°C and 20°C, respectively. Retention times for the product alcohols were 2.78 min for (S)-2 and 3.06 min for (R)-2.
Conclusion
In this study we have investigated the potential utility for the enantioselective autocatalytic Soai reaction to be exploited for the generic measurement of enantiopurity and absolute configuration. Good generality for the reaction across a small group of test analytes was observed, consistent with literature reports suggesting a diversity of compound types that can influence the stereochemical outcome of this reaction. Some trends in the absolute sense of stereochemical enrichment were noted, suggesting the possible utility of the approach for assigning absolute configuration to unknown compounds, by analogy with closely related species with known outcomes. Considerable variation in triggering strength was observed, an undesirable characteristic when dealing with mixtures containing minor impurities with strong triggering strength in the presence of major components with weak triggering strength. The strong tendency of the reaction toward a 'majority rules' type of behavior means that the reaction is the most sensitive for detecting enantioenrichment close of zero, while the ability to discern modest from excellent enantioselectivity is relatively poor. While these properties will limit the ability to obtain precise enantiopurity measurements in a simple single addition experiment, prospects exist for more complex experimental setups involving multiple measurements with addition of standards that may potentially offer improved performance.
